Bermudagrass [Cynodon dactylon (L.) Pers.], an important turfgrass used in public parks, home lawns, golf courses and sports fields, is widely distributed in China. In the present study, sequence-related amplified polymorphism (SRAP) markers were used to assess genetic diversity and population structure among 157 indigenous bermudagrass genotypes from 20 provinces in China. The application of 26 SRAP primer pairs produced 340 bands, of which 328 (96.58%) were polymorphic. The polymorphic information content (PIC) ranged from 0.36 to 0.49 with a mean of 0.44. Genetic distance coefficients among accessions ranged from 0.04 to 0.61, with an average of 0.32. The results of STRUCTURE analysis suggested that 157 bermudagrass accessions can be grouped into three subpopulations. Moreover, according to clustering based on the unweighted pair-group method of arithmetic averages (UPGMA), accessions were divided into three major clusters. The UPGMA dendrogram revealed that accessions from identical or adjacent areas were generally, but not entirely, clustered into the same cluster. Comparison of the UPGMA dendrogram and the Bayesian STRUCTURE analysis showed general agreement between the population subdivisions and the genetic relationships among accessions. Principal coordinate analysis (PCoA) with SRAP markers revealed a similar grouping of accessions to the UPGMA dendrogram and STRUCTUE analysis. Analysis of molecular variance (AMOVA) indicated that 18% of total molecular variance was attributed to diversity among subpopulations, while 82% of variance was associated with differences within subpopulations. Our study represents the most comprehensive investigation of the genetic diversity and population structure of bermudagrass in China to date, and provides valuable information for the germplasm collection, genetic improvement, and systematic utilization of bermudagrass.
Introduction
The genus Cynodon (family Poaceae) contains 9 species and 10 varieties, with Cynodon dactylon (L.) Pers. (common bermudagrass) being the most widespread. Bermudagrass is found on a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 in the greenhouse. Necessary fertilization and irrigation were made to ensure healthy and homogeneous materials. 157 natural bermudagrass accessions were analyzed collected from 20 provinces of China. Each accession listed in Table 1 . Genomic DNA was extracted from leaves using the cetyltrimethylammonium bromide protocol [34] . DNA concentration was quantified using a UV spectrophotometer, and its integrity was verified by examining the fluorescence of ethidium bromide-stained samples on 0.8% agarose gels.
SRAP amplification
Twenty-six SRAP markers that produced high level of polymorphism and clear banding pattern were selected from the primers reported by Wang et al. [24] (Tables 2 and 3 ). SRAP amplifications for six samples (C007, C112, C634, C658, C807, and C826) were repeated twice to check for band repeatability. The amplifications from these samples repeatedly showed the same banding pattern. PCR amplifications were carried out in 20-μL reaction mixtures containing 2 μL of 1× buffer, 1.25 mM MgCl 2 , 0.26 mM dNTPs, 1 U Taq DNA polymerase, 0.2 μM primer and 50 ng DNA template. Amplifications were performed on a TC-412 thermal cycler (Techne, UK). PCR cycling conditions were according to Wang et al. [24] : an initial denaturation step of 94˚C for 4 min, 35 cycles of 94˚C for 1 min, 50˚C for 1 min and 72˚C for 10 s, with a final elongation step of 72˚C for 7 min. PCR amplifications were repeated twice for each primer combination to ensure reproducibility. Amplified products were electrophoresed on 10% non-denaturing polyacrylamide gels [acrylamide-bis-acrylamide (19:1), 1× TBE] using DL1000 DNA marker (Tiangen Biotech, Beijing, China) as a molecular weight marker. Following electrophoresis, gels were stained with AgNO 3 solution.
Statistical analysis
The distinct and reproducible bands of each SRAP marker were scored as either 1 (present) or 0 (absent). Genetic diversity parameters were calculated with the PIC (polymorphism information content). PIC for dominant markers was calculated as:
where f is the frequency of the marker in the data set. PIC for dominant markers is a maximum of 0.5 for f = 0.5 [35] . STRUCTURE software version 2.3.3 [32] which is a model-based Bayesian method was used to delineate the clusters of genetically similar accessions. The presumed number of subpopulations (K) was set from 1 to 15. For each run, the initial burn-in period was set to 100,000 with 100,000 Monte Carlo Markov Chain interactions. The number of subpopulations was determined using the DeltaK method proposed by Evanno et al. [36] . Accessions were assigned to a subpopulation if the probability of membership was greater than 70% [37] . If membership was 70%, the accessions were assigned to the mixed subpopulation.
The NTSYS-pc version 2.1 software package [38] was used to calculate the genetic distance matrix. The unweighted pair-group method of arithmetic averages (UPGMA) [39] tree was constructed based on the genetic distance matrix generated by NTSYS-pc software using the Molecular Evolutionary Genetics Analysis (MEGA) 6.0 software [40] . A Mantel test [41, 42] was carried out to check goodness-of-fit between the similarity matrix and the cluster analysis results, as well as between geographic and genetic distances using the COPH (cophenetic values) option and MXCOP modules in NTSYS-pc.
Hierarchical analysis of molecular variance (AMOVA) was analyzed in GenAlEx 6.2 [43] to elucidate the extent of genetic variation among and within subgroups. Pairwise PhiPT value, an analogue of F ST [44] to estimate of population genetic differentiation was also performed 
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Results

SRAP marker variation
Twenty-six SRAP markers yield clear, high-stability polymorphic bands. The total number of bands, the number of polymorphic bands, the percentage of polymorphic bands (PPB) and PIC were showed in Table 3 . Amplification of the 26 SRAP markers across the 157 bermudagrass accessions generated 340 bands, of which 328 (96.58%) were polymorphic. The total number of bands scored per primer combination ranged from 10 (Me6-Em8 and Me6-Em10) to 17 (Me5-Em1), with an average of 13.08 bands per primer combination. Among these 
Population structure
The population structure of the 157 bermudagrass accessions was analyzed by Bayesian based approach. Admixture model-based simulations were carried out by varying K from 1 to 15 with 5 interactions which showed the most suitable ΔK is 3, showed the most suitable number of subgroups to be three (Fig 1) . In total, the 157 accessions can be grouped into three subpopulations (C1, C2 and C3). On the Basis of the membership fractions, the accessions with the probability of >70% were assigned to corresponding subgroups with others categorized as mixed subpopulation (Fig 2) . In total, 33 accessions (21.02%) were assigned to subpopulation C1 from the eastern provinces including Fujian, Jiangxi, Zhejiang, Jiangsu, Anhui and Shandong. Subpopulation C2 consisted of 68 accessions (43.31%), 28 of which were collected from the southern provinces including Guangdong, Guangxi and Hainan, 26 of which were from central provinces including Hunan, Hubei and Henan, and 10 of which were from southwestern provinces including Yunnan and Guizhou, three of which from Anhui and one from Hebei province. Subpopulation C3 included nine accessions, mainly from northwestern provinces (four from Xinjiang and four from Gansu province) and one from Chongqing. The remaining 47 (29.94%) accessions appeared to have ancestry from more than one subpopulation, having Q values of less than 70% for both subpopulations. The mixed subpopulation Genetic diversity and population structure of bermudagrass contained 16 accessions from southwestern provinces consisting of Guizhou, Sichuan, Chongqing, Yunnan and Tibet, eight from eastern provinces consisting of Fujian, Jiangsu, Zhejiang and Shandong, eight from southern provinces including Hainan, Guangdong and Guangxi, four from northwestern provinces including Shaanxi and Xinjiang, seven from Henan and four from Hebei.
Cluster analysis
The genetic distance matrix ranged from a low of 0.04 between C596 and C597 (two accessions from Yunnan province) to a high of 0.61 between C003 collected from Jiangxi province and C794 collected from Xinjiang, with an average of 0.32. A dendrogram based on the genetic distance matrix of the SRAP data was generated using the UPGMA algorithm (Fig 3) . In this dendrogram, the 157 bermudagrass accessions were clustered at a genetic distance of 0.344 into three clusters (Cluster I, Cluster II and Cluster III). The clustering results on the basis of genetic distance were generally consistent with the results from STRUCTURE analysis. Cluster I contained 41 bermudagrass accessions: five from Fujian, four from Jiangxi, 12 from Jiangsu, six from Zhejiang, seven from Shandong, six from Anhui and one from Guangdong province mainly from eastern China. This group consisted of all accessions from subpopulation C1 and eight accessions from mixed subpopulation. Cluster II contained 107 accessions and was further divided into four subgroups (IIa, IIb, IIc and IId). Subgroup IIa included 40 accessions: three from Anhui, 11 from Hainan, eight from Guangdong, nine from Guangxi and nine from Hunan. Subgroup IIb comprised 28 accessions: 17 from central China (four from Henan, nine from Hubei and four from Hunan), 10 originating from southwestern provinces (three from Guizhou and seven from Yunnan) and one from Hebei. Subgroup IIc included 28 accessions mainly from southwestern provinces (two from Guizhou, six from Sichuan, four from Chongqing and three from Tibet), five from Henan, four from Hebei, three from Shaanxi and one from Xinjiang. Subgroup IId contained 11 accessions: one from Fujian, one from Hainan, four from Guangdong, two from Guangxi, two from Henan and one from Yunnan. This group consisted of all accessions from subpopulation C2 and 39 accessions from mixed subpopulation. Cluster III contained nine accessions and was identical to subpopulation C3. These accessions were mostly from northwestern provinces (four from Xinjiang and four from Gansu) and one from Chongqing. In this dendrogram, accessions from identical or neighboring areas were generally, but not entirely, clustered into the same group or subgroup. Nevertheless, no significant correlation was found between geographic distance and genetic distance (r = 0.1657, p = 0.9986) based on the Mantel test. Principal coordinates analysis (PCoA) and analysis of molecular variance (AMOVA)
Genetic relationships among bermudagrass accessions were further studied using Principal coordinate analysis. A two-dimensional scatter plot has shown that the first two PCoA axes accounted for 26.00% and 23.29% of the genetic variation, respectively (Fig 4) . The PCoA plot revealed a similar grouping of accessions to the UPGMA dendrogram and STRUCTUE analysis. The subpopulations C1, C2 and C3 could be clear discriminated and the accessions from mixed subpopulation were placed in the middle of the three subpopulations. An analysis of molecular variance (AMOVA) analysis was used to evaluate within and among subpopulation diversity components. Genetic differentiation among subpopulations was detected by AMOVA, the overall PhiPT values among subpopulations was 0.175 (P<0.001). The results of AMOVA indicated that majority of variance occurring within subpopulations accounted for 82% (P<0.001) of the total variation, and 18% (P<0.001) of variation was attributed to differences among subpopulations ( Table 4 ). The pairwise PhiPT provided estimates of genetic distances between the subpopulations. The highest differentiation (0.416, P<0.001) was observed between subpopulation C1 and C3 and the lowest (0.093, P<0.001) was observed between Mixed and C2. Therefore, it could be inferred that C1and C3 subpopulations have diverged to a greater extent as compared to the mixed and C2 subpopulations (Table 5) .
Discussion
SRAP is a simple and efficient marker technique that has proven more informative for detecting genetic diversity than other DNA molecular marker systems [45] . In this study, SRAP markers were used to evaluate the genetic diversity of wild bermudagrass from China. Using Genetic diversity and population structure of bermudagrass 26 SRAP markers, 340 scorable fragments were obtained with an average of 13.08 fragments per marker which is higher than 5.4 fragments per marker detected by Gulsen et al. [12] in 182 bermudagrass accessions, and 9.0 fragments per marker reported by Wang et al. [24] in 24 bermudagrass cultivars, but is lower than 32 fragments per marker detected by Huang et al. [25] in 430 bermudagrass accessions. This showed that these SRAP markers are highly useful and can effectively be used in the genetic diversity studies. Out of these 340 fragments, 328 (96.58%) were recognized as polymorphic fragments which is higher than 91% reported by Wang et al. [24] and lower than 100% detected by Gulsen et al. [12] and Huang et al. [25] . The high level of polymorphism indicates that the high level of genetic diversity exists in the germplasm of bermudagrass. The level of polymorphism, however, generally was related to the number of accessions and their geographic origin, with a greater level of polymorphism among more accessions from wider geographic range compared to narrower range. PIC is a measure of allele frequencies at single loci or summed multiple loci. For dominant markers, the PIC values range from 0 to 0.5, where 0 indicates fixation of one allele and 0.5 means equal frequencies of alleles [35] . In the present study, the PIC value for SRAP markers ranged from 0.36 to 0.49 with an average of 0.44, also indicating that Chinese wild bermudagrass accessions displayed a wide range of genetic diversity, and these SRAP primers could develop abundant polymorphism which could be used to show differences between the samples analyzed in this study. The high genetic diversity in Chinese wild bermudagrass accessions may relate to biological characteristics and the geographic range of this species. Bermudagrass is a perennial, outcrossing, self-incompatibility [46, 47] , and widespread grass species which may be one cause of the high genetic diversity. In addition, bermudagrass could clonal propagation by rhizome and stolon. Clonal and sexual propagation could result in many generations coexisting in a population. Such populations are insusceptible to genetic drift and are helpful to maintain genetic diversity [48, 49] . The results of the three analyses performed (UPGMA cluster, PCoA, and model-based method) agreed with the existence of three clusters or subpopulations. Despite minor differences, the results were largely consistent. Bayesian cluster analysis was used to infer the genetic structure and presence of possible populations and to estimate the ancestry of the sampled individuals [33] . In the present study, the model-based population structure analysis grouped the bermudagrass accessions into three ancestral groups: C1 group from East China, C2 group from South, Central and South West China, and C3 group from North West China. The accessions from North West China were separated from other accessions. The clear separation confirmed that accessions from North West China were genetically distinct from other accessions. This separation was also described by Xie et al. [23] , in which 116 wild Chinese bermudagrass accessions from 14 provinces were grouped into two groups based on model-based population structure analysis, one group from North West China (Xinjiang province), and another from East, Central, South and South West China. The number of groups based on model-based population structure analysis was different between the present study and the study conducted by Xie et al. [23] which probably due to more accessions from East China examined in the present study. Admixture was also observed among few accessions with a proportion membership value of 70% in both the subpopulations. Most individuals belonged predominantly to one of the three subpopulations, while 47 (29.94%) were admixed according to the inferred subpopulation. Accessions from Jiangxi, Anhui, Hunan, Hubei and Gansu provinces had the lowest level of admixture (0.00%) and were homogenous, most likely because these accessions were subjected to limited exchange or diffusion. Accessions from Shaanxi, Sichuan and Tibet had the highest level of admixture (100.00%) and presented more admixtures, probably mixed ancestry from parents belonging to different gene pools. Admixture had been reported and is considered to the result of exchange of plant material between the areas and/or hybridization [50, 51] . As mentioned above, bermudagrass was outcrossing species and cross-pollination could result in admixture of alleles from adjacent regions. Meanwhile, exchanging of plant material between areas by animals and human activities may also form admixture. The dendrogram constructed using the UPGMA clustering algorithm grouped the accessions into three clusters which was largely in accord with the result of the model-based method. All accessions of subpopulations C1, C2 and C3 were found in cluster I, II and III respectively, as identified in the distance-based method. These clusters, in most instances, revealed the majority of accessions that were geographically close were generally clustered into the same cluster except several accessions. For example, C019 collected from Fujian province was not clustered into the same cluster as other accessions from Fujian. The Mantel test also revealed little correlation between genetic and geographic distances. Similar results were obtained earlier in bermudagrass using AFLP markers [15] and SRAP markers [24] and may be due to outcrossing, self-incompatibility, or artificial transfer of accessions from one region to another.
The accessions of mixed subpopulation were clustered into two clusters (cluster I and cluster II) in UPGMA. Furthermore, most of the accessions in mixed subpopulation were located between clusters in the UPGMA tree as observed in the studies by Tyagi et al. [52] on the US Upland cotton. Eight accessions (C021, C039, C065, C031, C045, C052, C736 and C158) from mixed subpopulation were clustered into cluster I and located between cluster I and cluster II, 35 accessions were clustered into cluster II and located between cluster II and cluster III (Fig  3) . Compared with the result conducted by the structure analysis, the accessions in mixed group were not identified in UPGMA tree. Thus, Bayesian cluster analysis can not only assign each individual to a hypothetical ancestral cluster(s) without any priori information [32] , but also reveal the admixture that were not obvious using distance-based clustering methods.
AMOVA results obtained in this study indicate that there is a higher amount of genetic diversity within subpopulations than among subpopulation, indicating the existence of low genetic differentiation among subpopulations. A similar result was shown by Ling et al. [22] that 29.93% of the genetic variance existed among, while 70.07% within, the bermudagrass groups from Southwest China. This is a common situation that out-crossing and vegetative propagated perennial species are generally highly heterozygous and maintain high levels of genetic variation within populations [52] [53] [54] [55] . Furthermore, the higher pairwise variation between C1 and C3, C2 and C3 could be explained from the fact that accessions from Northwest China being genetically differentiated from other accessions. The lower pairwise variation with C1 and C2, C1 and Mixed, C2 and Mixed may be due to collecting from adjacent regions and close kinship.
A principal coordinates analysis was conducted to further assess the population subdivisions identified using Structure. The PCoA analysis clearly separated the accessions into three gene pools which consistent with the results based on Structure, UPGMA, and AMOVA analysis. PCoA of collections from Northwest China showed that C3 subpopulation was very distinct, forming a separate group. In PCoA, accessions from Mixed subpopulation showed close association with other subpopulations demonstrated admixture in Structure analysis confirming their relatedness within the diverse gene pool.
In this study, we used simultaneously four methods including Bayesian clustering, UPGMA clustering, PCoA and AMOVA analysis to clarify the genetic relationship and genetic structure in the collection of 157 bermudagrass accessions. Despite minor differences, the results were largely consistent. By comprehensive analysis of the genetic diversity and population structure of Chinese wild bermudagrass germplasm, three ancestral gene pool were determined for the first time based on the different statistical methods. The UPGMA dendrogram revealed that accessions from identical or adjacent areas were generally, but not entirely, clustered into the same cluster. The results also provide evidence of abundant genetic diversity in these accessions and greater genetic variation within than among subpopulations. In summary, the results from the present study should lay foundation for further research, such as construction genetic linkage map, association studies, and molecular breeding studies.
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